␣-Amylases (␣-1,4-D-glucan glucanohydrolase, EC 3.2.1.1) hydrolyze internal ␣-1,4-glucosidic bonds in starch and related dextrins and oligosaccharides (1) . Substrate interactions along the extended binding site have traditionally been described by subsite maps that indicate the number of consecutive glucosyl binding subsites (ranging from [5] [6] [7] [8] [9] [10] [11] , the cleavage position, and the affinity of substrate glucosyl residues at individual subsites (2) (3) (4) (5) (6) (7) (8) . The binding cleft is formed by ␤ 3 ␣ loops of the catalytic (␤/␣) 8 barrel domain (9 -14) . Due to enormous diversity in the binding loops, the ␣-amylase family, also referred to as glycoside hydrolase clan H (GH-H) 1 consisting of glycoside hydrolase families 13 (GH13), 70, and 77 comprises almost 30 specificities (15) (16) (17) (18) (19) . Substrate analogs are very rarely seen to fill the entire binding site in crystal structures, one example being a Bacillus licheniformis/Bacillus amyloliquefaciens ␣-amylase chimera accommodating at subsites Ϫ7 through ϩ3 a decasaccharide inhibitor derived by transglycosylation from the pseudotetrasaccharide acarbose (14) . Related inhibitors cover the only five subsite long binding crevice in pancreatic ␣-amylase (8, 9, 20) , and occupy part of the longer binding sites in microbial ␣-amylases (11, 13, 21) and in cyclodextrin glucosyltransferase (CGTase) (16, 22, 23) . The structures validate modeled substrate complexes and subsite maps (8, 12, 24, 25) by highlighting (i) aromatic stacking and hydrogen bonds between carbohydrate and protein (9, 10, 21, 24, 26, 27) , (ii) conformational features of the bound carbohydrate (8, 21, 28) , (iii) conserved geometry of the catalytic site (10, 14, 15, 21, 22, 29, 30) , and (iv) substrate binding motifs in ␤ 3 ␣ loops of the catalytic (␤/␣) 8 barrel (15) . The macromolecular substrate starch most probably also interacts with distinct areas outside the cleft as suggested by oligosaccharide occupation at so-called surface or secondary sites in several structures from GH-H (10, 14, 28, 31) . This additional substrate binding is only proven, however, for starch binding domains of family 20 (afmb. cnrs-mrs.fr/CAZY/) found in ϳ10% of the GH13 members (32) .
Barley ␣-amylase 1 (AMY1) and AMY2 are among the most thoroughly described ␣-amylases. The isozymes are synthesized in the seed aleurone layer during germination (33) . They share 80% sequence identity and differ in activity, stability, and natural abundance (6) and they are speculated to play different roles in starch mobilization (34 -38) . The impact of isozyme structural differences on activity has earlier been illustrated by mutations at subsites Ϫ5, Ϫ3, Ϫ2, Ϫ1, ϩ1, and ϩ2 in AMY1 (30, 39 -43) . The subsite map of both isozymes contains 10 consecutive subsites of varying affinity, i.e. subsites Ϫ6 through Ϫ1 from the catalytic site toward the non-reducing and subsites ϩ1 through ϩ4 toward the reducing end of the substrate (5) . Consistent with this subsite organization barley ␣-amylases release mainly oligosaccharides of DP 6Ϫ8 from starch (5-7), whereas most other ␣-amylases give shorter products (1, 2, 44) . Few studies address GH-H substrate-subsite interactions far from the catalytic site (16, 39, 45) . Subsite Ϫ6 in CGTase, however, was shown to control transglycosylation through induced fit at the catalytic site leading to formation of cyclodextrins by cyclization of the substrate glycone moiety (16, 45) . The purpose of the present site-directed mutagenesis in AMY1 is to describe functional roles of the outermost subsites. A maltodecaose complex was computed earlier by stepwise addition of glucosyl residues extending the acarbose molecule bound in AMY2 (10) beyond subsites Ϫ1 and ϩ2. This complex revealed that Tyr 104 AMY2 and Tyr 211 AMY2 delimit the binding groove at subsites Ϫ6 and ϩ4 (5, 25, 46, 47) . The present incorporation and removal of aromatic residues at these positions in AMY1 thus manipulate common features in protein-carbohydrate interactions, i.e. stacking of aromatic side chains on carbohydrate rings and hydrogen bonding by the tyrosine ␥OH or tryptophan ⑀NH to carbohydrate OH groups (26, 27, 48, 49) . The protein engineering strategy used took advantage of: (i) the modeled AMY2/maltodecaose (25) , (ii) insight in earlier AMY1 mutants of substrate binding residues (4, 30, 39 -41) , and (iii) numerous crystal structures of ␣-amylases from Aspergillus oryzae (21) , Aspergillus niger (50), B. licheniformis (51) , Bacillus subtilis (11) , Pseudoalteromonas haloplanktis (29), AMY2 (10), porcine (9) , and human pancreas (8), and other GH-H members; e.g. CGTase (16, 22, 52) , TVAII ␣-amylase (53), and amylomaltase (28) . The enzymatic activities on starch, a short-chain amylose DP17, and various oligosaccharides of the eight mutants of AMY1 residues Tyr 105 and Thr 212 at subsites Ϫ6 and ϩ4, including the AMY2 mimic [T212Y]AMY1, were interpreted using structural models established by AMY1/maltododecaose docking. Protein engineering at outer subsites turned out to have a great potential for manipulation of substrate and product specificities.
EXPERIMENTAL PROCEDURES

Strains and Plasmids
Escherichia coli DH5␣ (Invitrogen) was used for standard cloning and Pichia pastoris GS115, pPIC3K, and pHIL-D2 (Invitrogen) for AMY1 expression; pHIL-D2␣1 harboring AMY1 cDNA was an in-house stock (54) . AMY1 cDNA clone E (38, 55) was a gift from John C. Rogers (Washington State University, Pullman).
Plasmid Construction and Site-directed Mutagenesis
AMY1 cDNA is subcloned from pHIL-D2␣1 at EcoRI sites into the pALTER-1 mutagenesis vector (Promega) to give pALTER-␣1. The EcoRI sites were used to subclone mutant AMY1 cDNA into p9000, a pPIC3K P. pastoris expression vector with bp 943-958 deleted upstream of the multiple cloning site to get AMY1 in-frame. p9000␣1 containing wild-type AMY1 cDNA was constructed using the EcoRI sites. Three mutagenic primers (mutations in bold) 5Ј-TAGCCGCG-GCATCTTCTGCATCTTCGAGGGC-3Ј (Y105F), 5Ј-GGACAATATGGC-CCCCGGCGGCGACGGCAAG-3Ј (T212P), and 5Ј-GGACAATATGGC-CTGGGGCGGCGACGGCAAG-3Ј (T212W) were used (Altered Sites II System, Promega). Other mutants were made by megaprimer PCR (56) (DNA Engine Thermocycler, MJ Research). An upstream BamHI site (underlined) in the coding strand primer 5Ј-TTTGGATCCATGGGGAA-GAACGGC-3Ј, and a downstream EcoRI site (underlined) in the template strand primer 5Ј-TTTGAATTCAGTGCAGACTTCAGCTCC-3Ј were used to subclone AMY1 cDNA into pPIC3K to get pPIC3K␣1. Mutant cDNA fragments were made using internal primers 5Ј-TAGC-CGCGCATCGCCTGCATCTTCGAGGGC-3Ј (Y105A), 5Ј-TAGCCGCG-GCATCTGGTGCATCTTCGAGGGC-3Ј (Y105W), and 5Ј-GGACAATAT-GGCCTACGGCGGCGACGGCAAG-3Ј (T212Y). Double mutants were constructed by subcloning a DNA fragment encoding Y105A into the T212(Y/W) expression vectors. Standard recombinant DNA techniques were used (57) , and sequences were confirmed by chain terminator sequencing (58) using a 377-DNA Sequenator or ABI PRISM 310 Genetic analyzer (PerkinElmer Life Sciences).
Transformation and Screening of P. Pastoris
Mutated pPIC3K␣1 or p9000␣1 (ϳ40 g) was linearized by BglII (Promega) prior to electroporation of P. pastoris followed by plate screening on MD (minimal dextrose; 1.34% YNB, 2% glucose, 0.4 g ϫ ml Ϫ1 D-biotin, 1.5% agar) for His ϩ phenotype, MM (as MD, but with 0.5% glucose replacing methanol) for Mut s (methanol slow utilization) phenotype, indicating integration of the expression cassette into the AOX1 locus, and MM, 2% soluble potato starch, to detect secretion of active ␣-amylase (39).
Recombinant AMY1 Production and Purification
Transformants were grown (600 ml of BMGY: 0.1 M potassium phosphate, pH 6.0, 0.67% YNB, 0.4 g ϫ ml Ϫ1 D-biotin, 1% glycerol, 1% yeast extract, 2% peptone) in 5-liter flasks with shaking (30°C, 225 rpm, 2 days) to OD 600 Ϸ20. Cells were harvested (20°C, 1500 rpm, 8 min, Beckman J6-MC centrifuge), resuspended for induction (300 ml of BMMY, as BMGY but with 0.5% methanol replacing glycerol), and grown (24 h). ␣-Amylase activity (Phadebas test; Amersham Biosciences) and AMY1 amounts (estimated from silver-stained SDS-PAGE using purified AMY1 as standard) were monitored in supernatants (54) . P. pastoris secreted 6Ϫ85 mg ϫ liter Ϫ1 AMY1 mutants and wild type. Cell harvest and induction were repeated up to three times. The combined supernatants were added 5% (w/v) (NH 4 ) 2 SO 4 , 0.02% NaN 3 , applied to ␤-cyclodextrin-Sepharose (diameter 2.6 cm; 20 mM sodium acetate, pH 5.5, 25 mM CaCl 2 ; 1 ml resin per mg AMY1) (37), washed by buffer (0.2 M in NaCl; 20 column volumes), and eluted by 8 mg ϫ ml Ϫ1 ␤-cyclodextrin (2 column volumes). Fractions with activity were pooled, concentrated to 2 mg ϫ ml Ϫ1 (Centriprep, 10 kDa cut-off, Millipore), dialyzed (10 mM MES, pH 6.7, 25 mM CaCl 2 ), added 0.02% NaN 3 , and stored at 4°C.
Protein Characterization
SDS-PAGE (10Ϫ15%) and IEF (pH 4Ϫ6.5) (Phast-System, Amersham Biosciences) of 0.2-0.5 g of protein were silver stained (39) or immunoblotted using rabbit anti-AMY2 immune serum (37) . IEF gels were soaked in 2% soluble potato starch and zymograms developed as described (37) . AMY1 mutants and wild type migrated as single bands of M r ϳ45,000 (SDS-PAGE) but gave three major bands of pI 4.7Ϫ5.1 in IEF. This pattern always recurs for recombinant AMY1 due to inactivating glutathionylation of C95 and C-terminal trimming (39, 54, 55) . Individual forms of [Y105A/T212W]AMY1 were resolved by anion exchange chromatography (ResourceQ, 6 ml; Amersham Biosciences) as described (39) , dialyzed (1 nmol) against water (4°C, Slide-A-Lyzer cassettes, 10-kDa cut-off, Pierce) and subjected to ESI-MS (39) (55) and N-terminal sequencing (0.2 nmol) (Applied Biosystems Model 470A Sequenator; Model 120A PTH-Analyzer). This confirmed partial C95-glutathionylation, C-terminal trimming, and correct N-terminal processing and suggested di-and trimannosylation of Thr 410 (39, 54, 55, 59, 60) . Since mutants and wild-type AMY1 showed essentially the same distribution of forms in IEF, the enzymatic properties were characterized without prior removal of the C95-glutathionylated form that constituted ϳ10%. Protein concentrations were calculated from amino acid contents (Amersham Biosciences/LKB Alpha Plus amino acid analyzer) in hydrolysates (6 M HCl, 110°C, 24 h) of 15Ϫ40 g of protein.
Assays and Enzyme Kinetics
Insoluble Blue Starch-Blue starch (customer preparation, Amersham Biosciences) at 10 concentrations (0.1-12.5 mg ϫ ml Ϫ1 ; 20 mM sodium acetate, pH 5.5, 5 mM CaCl 2 , 0.005% bovine serum albumin; 4 ml) was added enzyme (0.8 -1.2 units) at 37°C. The reaction was stopped after 15 min (0.5 M NaOH; 1 ml) followed by centrifugation (16,000 ϫ g, 2 min) and OD 620 measurement of supernatants (300 l; microtiter plate reader; Ceres UV-900-HDi scanning autoreader, BioTek Instrument). One activity unit is the amount of enzyme that during 15 min gives ⌬OD 620 ϭ 1 in the final volume. k cat and K m were obtained by fitting hydrolysis rates to the Michaelis-Menten equation (GraFit 3.01; Erithacus Software Ltd.). The routine assay has 6.25 mg ϫ ml Ϫ1 substrate (54) .
Amylose-Initial rates of hydrolysis of amylose DP17 (average degree of polymerization of 17; Hayashibara, Okayama, Japan) at 8 concentrations (0.04 -10.8 mg ϫ ml Ϫ1 ) were determined in the above buffer by adding enzyme (2-4 nM) at 37°C (35) and measuring reducing sugar by the copper-bicinchoninate procedure (61) . A 540 was measured using maltose (2.5-20 g ϫ ml Ϫ1 ) as standard, and k cat and K m were calculated as above. 
Molecular Modeling of AMY2 and AMY1/Maltododecaose
As the AMY1 structure was not available, AMY1/maltododecaose was build by homology modeling using as template AMY2/maltododecaose extended from AMY2/maltodecaose (10, 25, 46, 47) -Pro 300 (␤7 3 ␣7). The backbone was fixed at segment ends having no substrate contact to maintain structural integrity during energy minimization. AMY1/maltododecaose was calculated after introducing 33 AMY1 residues in AMY2/maltododecaose and checking sidechain orientation. AMY1 mutants were simulated using the same procedure. For each docking solution energy minimization steps (20,000 iterations each) were done with visual inspection of structural consistency and manual reorientation of side chains and maltododecaose OH groups if needed. The same maximum derivative criterion was used for minimization steps and to stop refinement. Although highly refined docking solutions resulted from 5-9 steps and local rearrangement, all local minima were not necessarily explored.
Subsite Binding Energy Computation
Comparison of docking solutions used relative energies, and electrostatic and van der Waals non-bonded energy terms between enzyme and substrate were assumed to represent the total interaction energy. The contribution of each subsite was estimated for bound glucose and amino acid residues with at least one heavy atom Յ4.0 Å from a glucose heavy atom. By further isolation of subsets of atoms, hydrogen bonding and stacking terms were discriminated and a van der Waals interaction term was defined by subtraction from the total energy. This segregation of subsites only considered short and medium distance energy terms, hence the sum of subsite binding energies differed slightly from the total docking energy. (Table I) . In contrast, the conservative Y105(F/W) mutants resembled wildtype AMY1 closely, Y105F and Y105W being slightly superior on starch and on both Cl-PNPG 7 and amylose DP17, respectively. The loss of the substrate binding ␥OH group in Y105F decreased affinity (3-fold) only for Cl-PNPG 7 (Table I) (Table I) , increasing the affinity 5-and 2-fold and k cat /K m to 370% of T212Y and 180% of T212W compared with wild type. While affinity of T212W also improved substantially for both Cl-PNPG 7 and starch, T212Y, the AMY2 mimic, surprisingly lost affinity for both substrates. T212P diverged and underwent the largest decrease in affinity, but retained k cat for starch in contrast to [T212(Y/W)]AMY1, and had the highest k cat and k cat /K m for amylose DP17 and Cl-PNPG 7 , respectively ( Table I) .
RESULTS
Design and Production of Mutants at Outermost Subsites-
Effects of Dual Mutation at Subsites Ϫ6 and ϩ4 -Simultaneous changes were imposed upon both ends of the binding cleft in [Y105A/T212(Y/W)]AMY1. For amylose DP17, these double mutants displayed the full loss in affinity of [Y105A]AMY1 and had the lowest k cat of all mutants, while kinetic parameters on Cl-PNPG 7 and starch mostly were intermediate to the values of the corresponding single mutants (Table I ). The much reduced transition state stabilization (k cat / K m ) for amylose DP17, for which remarkably the important decrease in K m of the single T212(Y/W) mutants seemed without effect, disclosed a critical interdependence of the outermost subsites acting on the maltodextrin. In contrast, introduction of T212(Y/W) greatly ameliorated the poor activity of Y105A on Cl-PNPG 7 and [Y105A/T212(Y/W)]AMY1 also on starch kept the trend of the single T212W being more active than [T212Y]AMY1 (Table I) . Noticeably, K m ϭ 1.0% for starch of Y105A/T212Y was higher than of both the corresponding single mutants and AMY2 (K m ϭ 0. 5%) (65) , which T212Y is mimicking.
Relative Specificity-A major general goal when developing of ␣-amylases and related enzymes is modification of specificity without loss of the wild-type activity level. This was successfully achieved for Y105A/T212W and Y105A both very clearly preferring starch, and T212Y favoring amylose, while [T212(P/ W)]AMY1 acted favorably on both oligosaccharide and amylose, in all cases with higher activity than wild type (Table I) . The important variation in k cat /K m ratios for insoluble Blue Starch: Cl-PNPG 7 and insoluble Blue Starch: amylose DP17 by factors of 0.2-12 and 0.1-7 of the wild-type ratios, respectively, encourages further development of relative substrate specificity through rational protein engineering.
Effects of Mutations on Oligosaccharide Action PatternsMutation at specific subsites can reposition short substrates in the binding cleft resulting in product profile engineering (39 -41, 66 7 and less PNPG, which is the predominant wild-type product, thus reflecting relative gain and loss of aglycone and glycone binding, respectively (Fig. 2) . Noticeable both T212(Y/ W), like other single subsite mutants (30, 39 -41) , were unable to pull PNPG 7 off subsite Ϫ6 (Fig. 2) . PNPG 6 got more or less displaced in the mutants, except T212P. Thus [T212(Y/ W)]AMY1 counterbalanced the wild-type subsite Ϫ6 Tyr 105 contact, and both double mutants reinforced the effect of Y105A to release only traces of PNP, the major product of AMY1 wild type (Fig. 2) . Modest sliding of PNPG 6 toward the aglycone binding area also in [Y105(F/W)]AMY1 indicated that these aromatic substitutions weakened subsite Ϫ6 interactions, consistent with Tyr 105 in wild type being invariant in plant ␣-amylases (Fig. 1) . Finally, PNPG 5 cannot cover subsite Ϫ6 in productive complexes, and the action pattern was insensitive to Tyr 105 mutations, while aromatic side chains introduced at subsite ϩ4 promoted aglycone binding (Fig. 2) . Transglycosy- 7 Amylose DP17 Blue Starch Specificity ratios
Wild type 119 Ϯ 6.5 1. (Table I) . Docking of Maltododecaose to AMY1 and AMY2-Maltododecaose complexes were computed to get a structural basis for interpretation of the substrate preferences of AMY1 mutants and the suggested presence of different binding modes. Earlier models showed for some ␣-amylases two types of partially superimposed maltododecaose docking solutions (S1 and S2) reflecting bifurcation near the glycone binding subsites Ϫ3/Ϫ4. While fungal and animal ␣-amylases preferred S1, AMY2 preferred the S2 type (12) . The present thorough calculation of maltododecaose complexes in addition led to a novel solution, S3, that deviated from S2 beyond the aglycone subsite ϩ3 (Figs. 3 and 4 , A and C; Table II ). The energy of S1 AMY1 , S2 AMY1 , and S3 AMY1 was 37, 3, and 13 kcal ϫ mol Ϫ1 , respectively, relative to S2 AMY2 , the most favorable solution set to 0 kcal ϫ mol Ϫ1 , while S1 AMY2 and S3 AMY2 had 48 and 18 kcal ϫ mol Ϫ1 , respectively. The smaller mutual energy differences for the three AMY1 solutions suggested that multiple binding modes are populated to a greater extent for AMY1 than AMY2. Moreover, the similar docking energies of solutions for AMY1 and AMY2 indicated high resemblance of the active sites despite distinct differences in structure and function.
The energy map of ␣-1,4 disaccharide dihedral angles (, ϭ O5Ј-C1Ј-O4-C4, C1Ј-O4-C4-C5) includes contiguous regions A (, ; 56, Ϫ151); B (114,Ϫ133); and C (133; Ϫ108); while E (85, 84) (46) is separate. B is like a single helix (SH) (67) and a nearby region corresponds to a single chain in a double helix (DH) found in A and B type starch (68) . Repeated A, SH, and DH generate left helices, which C or E disrupt (46) . The present S1, S2, and S3 solutions share disaccharide conformations with those compiled for oligosaccharides bound in different GH-H crystal structures (28) . S2 AMY1 adopts mainly the more stable DH with a single break (C: 118, Ϫ106) between subsites ϩ2 and ϩ3. In S1 AMY1 kinks at subsites Ϫ3 (C: 156, Ϫ107) and Ϫ5 (C: 147, Ϫ106) direct the three outer residues (orange in Fig. 3 ) to another crevice branch. Similarly, in S3 AMY1 E (91, 116) at subsite ϩ3 turns the chain (green in Fig. 3 ) and C at subsites ϩ4 (158, Ϫ97) and ϩ5 (146, Ϫ108) prevents left helical propagation. In S1 and S3 the orientation of glucose O6 at subsites Ϫ4 and ϩ3 is compatible with a branch accommodated at outer subsites according to S2. Both mutational changes at outer subsites and conformational differences between substrates will influence the relative occupancy of S1, S2, and S3.
Partial Binding Energy Contributions Calculated for Individual Subsites-
The distribution of intermolecular binding energies at individual subsites (see "Experimental Procedures") in S1, S2, and S3 (Table II) are comparable with the subsite map, except for its low affinity at subsite ϩ3 (5). This difference may stem from shorter oligosaccharides being used in subsite mapping. S2 AMY1 displays a regular pattern of strong and medium energies for subsites Ϫ7, Ϫ6, Ϫ2, Ϫ1, ϩ1, ϩ2, ϩ3 and Ϫ5, Ϫ4, Ϫ3, ϩ4, ϩ5, respectively, and lacks weak subsites (Table II) (39) . Subsites Ϫ4 through Ϫ7 in S1 AMY1 have lower energy and no stacking (Table II and Fig. 4, A and B) . The lower stability of S1 AMY1 is in addition explained by fewer charged hydrogen bonds with substrate at subsites Ϫ6 and Ϫ7 (Table II, A) and rotation of the Tyr 105 side chain (Fig. 4, A and B) . energy to S2 and S1. S3 AMY1 lacks stacking onto Trp 299 at subsite ϩ3 (see Fig. 4C ; Table II ) and compared with the AMY2 docking solutions, S3 AMY1 is more favorable than S2 AMY1 at subsites ϩ1 and ϩ2, and less favorable at subsite ϩ3 (Table II,  A and B) . Similarly, S2 AMY2 has higher energy than S3 AMY2 for subsite ϩ3 and the AMY2 mimic [T212Y]AMY1 therefore may have gained its substantially enhanced affinity for amylose DP17 (Table I) by adopting S2 AMY1 . The poor affinity of Y105A for amylose DP17 is not compensated in the [Y105A/T212(Y/ W)]AMY1 despite the otherwise favorable T212(Y/W) mutation. One can therefore speculate that in the double mutants amylose DP17 adopts S3 AMY1 for the aglycone in combination with S1 AMY1 for the glycone, Y105A diminishing the energy difference of S1 and S2 (Table II A) . This latter and presumably least energetically favorable solution agreed with an important loss in transition state stabilization for amylose DP17 by the double mutants (Table I) . DISCUSSION ␣-Amylase Substrate Interactions-Subtle structural changes of AMY1 involving aromatic side-chains far from the catalytic site have large, diverse effects on oligosaccharide, maltodextrin, and insoluble polysaccharide substrates. Aromatic stacking in carbohydrate-binding proteins is well known (26, 27, 49) and is important throughout GH-H (9 -11, 21, 28, 63) . CH at positions 1, 2, and 4 on the A face of glucose rings form a cluster of stronger contact to the outer curvature in the maltodextrin helix than CH groups at positions 3 and 5 of the B face (27) 6 accordingly binds at subsites Ϫ5 through ϩ2, rather than Ϫ6 through ϩ1 as in Y105W and wild-type AMY1. This behavior agrees with Y105F having increased activity for starch, suggesting, together with the elevated activity of [Y105A]AMY1, that stacking at subsite Ϫ6 in S2 adversely affects activity for starch. S1 seems preferred for Y105(A/F) over S2 in hydrolysis of starch. In contrast, reduced and maintained affinity, respectively, by Y105A and Y105(Y/W) for amylose DP17 suggested S2 to be predominant with short chain linear maltodextrins. Accordingly modeling using Y105A indicated no energy gain for S1, which is the least favorable wild-type AMY1/maltododecaose solution, supporting the interpretation that S2 type conformation is maintained for bound amylose DP17. Thus S1 is speculated to be adopted primarily by polysaccharides. Y105A, however, may still affect S1 through van der Waal's contacts between its backbone oxygen and the ring of Tyr 131 as deduced from the structure (not shown). Since Tyr 131 AMY1 is close to glucose bound at subsite Ϫ5, perhaps Y105A has a different impact than wild-type Tyr 105 on S1. The subsite Ϫ5 mutant C95A AMY1 doubled activity on starch (39) providing support for S2 AMY1 counteracting starch hydrolysis, since C95 is only involved with substrate in S2 AMY1 (Table II) . C95A might perturb accommodation of a helical ␣-1,4-glucoside chain in S2 AMY1 for shorter substrates reflected in 5-and 20-fold loss of affinity for amylose DP17 and Cl-PNPG 7 , respectively. Starch, however, with less Stereoview of AMY1/ maltododecaose docking solutions. From the top the solutions S2 (A), S1 (B), and S3 (C) show maltododecaose spanning subsites Ϫ7 through ϩ5. AMY1 residues important in binding (Table II) 
TABLE II
Calculated binding energies and interacting residues in maltododecaose docked to AMY1 (A) and AMY2 (B)
Subsite regular propagation probably adopted S1. (Table II) is also functionally important, and the AMY2 mimic D97E AMY1 reduced affinity for Cl-PNPG 7 and amylose DP17 4-and 2-fold, respectively (43) .
The S1, S2, and S3 AMY1/maltododecaose are most helpful in understanding mutant properties, although the computed binding energies of the three docking solutions differed from those derived from the kinetics. Thus loss in transition state stabilization energy for Y105A acting on amylose DP17 was 1.0 (69) . Considering T212Y and T212W as parents of the double mutants, ⌬⌬G was 2.3 and 1.4 kcal ϫ mol Ϫ1 , respectively. In relation to Cl-PNPG 7 an estimate of (k cat /K m ) mutant / (k cat /K m ) parent Ͼ 100 for Y105A gave to ⌬⌬G Ͼ 2.8 kcal ϫ mol Ϫ1 and using T212Y and T212W as parents both gave ⌬⌬G ϭ 1.6 kcal ϫ mol Ϫ1 . These losses are smaller than the calculated energy of 10 kcal ϫ mol Ϫ1 corresponding to loss of stacking for Y105A in S2 AMY1 at subsite Ϫ6 (Table II A) or than the difference between S1 AMY1 and S2 AMY1 of 34 kcal ϫ mol Ϫ1 . The discrepancy emphasizes that smaller energy differences were realized in enzyme hydrolysis than by comparison of computed docking energies of mutants and wild type. This might stem from different principles inherent to the two approaches used to assess energy losses, the different substrate size of DP12 and DP17, or both. It may also reflect that as anticipated in reality multiple modes, rather than one specific, are employed for a particular substrate and AMY1 mutant or wild-type interaction.
Aglycone Binding Region-AMY2 mimicry by T212Y AMY1 increased activity for amylose DP17 almost 4-fold and maintained wild-type kinetics for Cl-PNPG 7 . Since AMY2, however, has a 4-fold higher k cat than AMY1 for amylose DP17, but also a 3-fold higher K m (65) , the T212Y mimic was superior to AMY2. This suggested S2-associated improvement of outer aglycone interactions in the AMY2 mimic, since wild-type S3 AMY1 and S2 AMY1 7 and PNPG 6 , but as expected retained wild-type level for PNPG 5 that cannot utilize subsite Ϫ6. Y105A/T212W had similarly low activity for PNPG 7 , but wild-type level and higher for PNPG 6 and PNPG 5 , respectively, in agreement with improved affinity and increased k cat /K m toward Cl-PNPG 7 for [T212W]AMY1. Y105A/T212Y, however, reduced turnover of PNPG [5] [6] [7] probably due to loss of affinity. This diversity of structurally very similar AMY1 mutants emphasized large flexibility in enzyme-substrate interactions in response to subtle variation in intermolecular contacts and illustrated the potential of specificity engineering at outer subsites in GH-H.
Inferior starch hydrolysis of Y105A/T212Y suggested that S1 was combined with S3. Amylose DP17 and starch both span the two exterior subsites and loss of co-operation between them in substrate complexes might lower k cat and k cat /K m for double compared with single mutants. The simultaneous structural change of terminal substrate anchor points in the binding crevice thus might hamper transition state stabilization of some substrates.
Branched Maltodextrins-The present maltododecaose docking neglected simultaneous filling of the two binding crevices by branched substrates. Tyr 105 was expected to be critical for subsites Ϫ4 through Ϫ7 in S2 AMY1 binding of branches with the main chain binding according to S1 AMY1 (70) . Because homogenous branched substrates of a certain size are not available information on enzymatic hydrolysis lags behind. The 6ЈЉ-maltotriosyl-maltohexaose, however, was hydrolyzed 30 times slower than maltopentaose by AMY1 and product analysis indicated the ␣-1,4;1,6-disubstituted glucose to bind at subsite ϩ2 (39) . The low activity in combination with the product structure support that the subsite Ϫ4 binding could be applied of the branch point as proposed by modeling, which, however was not compatible with the structure of the available nonasaccharide.
Substrate Preference Engineering-Certain mutants at subsites Ϫ5, Ϫ3, Ϫ2, Ϫ1, ϩ1, and ϩ2 had retained or increased parent enzyme activity toward starch and reduced activity for shorter substrates and vice versa (30, 39 -41) . Wild-type AMY1 was not optimal for starch interactions, and [Y105A/T212(Y/ W)]AMY1 preferred starch for short substrates more strongly than wild type. An estimated Ͼ100-fold preference for starch of Y105A compared with wild-type AMY1 makes the mutant a candidate for controlled starch degradation accompanied by slow attack on the produced oligosaccharides. Engineered outer subsites thus radically alters substrate specificity and product profiles. AMY1 has about 5-fold higher affinity for oligosaccharides and maltodextrins than AMY2 (6, 7) and 7 (Gln 44 (33, 38) . Three available AMY2 mimics, C95T (39), D97E (43), R183K (40), but not [T212Y]AMY1 (present work) increased K m for amylose DP17 indicating implication in the isozyme difference (37) . Such mutants constitute a source of information for guiding rational design of enzymatic properties of AMY1. This insight might be exploited to engineer related GH-H enzymes. Obviously it is of great interest to explore Thr 212 and other selected positions in AMY1 by saturation mutagenesis.
Roles of Distant Subsites in Other Glycoside
HydrolasesMultiple substrate binding modes controlled by subtle enzyme structural features may be more common in polysaccharide degrading enzymes than yet realized and possibly occur as long range coordinated interactions in polysaccharide synthases (71) . Outer subsites, however, are examined only in a few polysaccharide hydrolases. Thus mutation of a gate-controlling tryptophan at subsite ϩ4 in cellulase Cel6A from Trichoderma reesei (72) highlighted its key role in degradation of crystalline cellulose. Furthermore, in Cel6A from Humicola insolens the groove-type topology of the binding site was altered to a tunnel by a polypeptide loop cover affecting the outer subsites and polysaccharide-enzyme interactions (73, 74) . A different type of long range effect was demonstrated for glucoamylase by combined substrate and enzyme engineering, where a charged enzyme-substrate hydrogen bond at subsite ϩ1 controlled critical transition state stabilizing interactions at subsite Ϫ1 (75, 76) . Finally, a mutant of E43 at subsite Ϫ2 in endo-xylanase from Pseudomonas cellulosa provided evidence for differential binding of short and long substrates by distinct mechanisms controlled at a distance of the catalytic site (77) . This latter behavior was reminiscent of [Y105A]AMY1 that lost and gained activity, respectively, for oligosaccharides and starch. From GH-H, mutants in subsite Ϫ6 of CGTase decreased k cat for the three transglycosylation reactions; cyclodextrin formation; disproportionation; and coupling, but retained hydrolytic activity (45) . Subsite Ϫ6 was concluded to regulate induced fit of the catalytic site, which was critical for transglycosylation (45) . The work on CGTase emphasized that rational engineering at outer subsites is a realistic approach to achieve desirable properties. Future protein engineering (15) of amylolytic enzymes by e.g. structure-guided directed evolution and rational design can exploit the knowledge gained in subsite engineering to meet specificity requirements and to improve insight into enzyme-substrate relationships (48) . CONCLUSION Aromatic engineering at outer subsites Ϫ6 and ϩ4 in barley ␣-amylase 1 (AMY1) greatly modified kinetic properties and action patterns on different substrates without loss of the wildtype level of catalytic activity. Three partially superimposed and energetically different AMY1/maltododecaose docking solutions were calculated and properties of the mutants at outer subsites Ϫ6 and ϩ4 were compatible with change of the area of accommodation of the substrate chain at a distance of 3-4 subsites from the catalytic site. Thus loss of wild-type stacking onto substrate at subsite Ϫ6 in [Y105A]AMY1 and introduction of substrate hydrogen bonding and stacking at subsite ϩ3 and ϩ4 in [T212(Y/W)]AMY1, the AMY2 Tyr 211 mimic, were supported. Elevated activity for starch and decreased activity for oligosaccharides of Y105A suggested that polysaccharide binds according to the energetically less favorable S1 AMY1/maltododecaose solution. Since [T212(Y/W)]AMY1 increased activity for maltodextrins, but lost activity for starch, both natural (Tyr 105 ) and engineered (T212(Y/W)) aromatic groups at outermost binding subsites might trap polysaccharide in conformations unfavorable for hydrolysis. Fine adjustment, however, is possible in double mutants, Y105A/T212W regaining activity on starch, but loosing activity on the maltodextrin. Both positions Tyr 105 and Thr 212 give room for additional mutational improvement of enzymatic performance, e.g. through saturation mutagenesis. Although reliable design of properties cannot be anticipated from the present limited number of mutants the gained experience is applicable in engineering of outer subsites in related GH-H members. Flexibly modulated activity could be further developed by gene shuffling by including selected mutants as parents.
